Copper chalcogenide nanoparticles have received increased attention as photothermal agents due to their low cost and easy preparation. Nevertheless, the underdeveloped photothermal conversion efficiency of copper chalcogenide has limited its further application for cancer therapy. Thus, enhancing the photothermal conversion efficiency of copper chalcogenide through rational design is desired. In this review, we have discussed three kinds of rational design and a mechanism for copper chalcogenide to enhance the heat conversion efficiency in detail and briefly introduced their application in photothermal therapy. First is the design and synthesis of the superstructure nanoparticle agents to enhance photon refraction. Then, tuning the degree of copper deficiency enhances the localized surface plasmon resonance absorption caused by copper chalcogenide. The rest is constructing the hybrid composite to further enhance the localized surface plasmon resonance absorption through the coupling effect of different functional units. Despite higher photothermal conversion efficiencies and better therapeutic effects for cancer achieved through rational design, there still exists a challenge to be addressed, as well as promise for rational design facing the keen research and discuss before clinical applications of copper chalcogenide.
Introduction
As we all know, cancer and malignant tumor are the leading causes of death worldwide. 1 Over the past few decades, nanotechnology for the detection, 2,3 diagnosis 4,5 and treatment of cancer 6 and other diseases, has undergone rapid development and innovation. Along with the improvement of the therapeutic progress and prospect, signicant efforts have been devoted to exploring the improved therapy method, [7] [8] [9] expecting to achieve better therapeutic outcomes and minimal side effects or physical pain towards the ultimate aim. Thus, except for traditional chemotherapy, photothermal ablation therapy has captured increasing attention, owing to its minimally invasive nature. Chenglin Yan received her BE degree from Shanghai Normal University in 2012. She is now a master's degree candidate in Prof. Shiping Yang's group. Her current research directions include nanomaterial-based cancer detection and photothermal therapy.
Specically, photothermal ablation therapy, induced by laser in the near-infrared (NIR 700-1100 nm) region, 11, 12 gradually holds an important status in the nanotechnology therapy eld because of the low scattering and small absorption of NIR light by tissue and blood and the ability to reach several centimeters inside biological tissues. 13, 14 Subsequently, a key determinant in the applications of photothermal ablation therapy is exactly the exploitation of novel photothermal agents, which possess attractive advantages such as strong NIR absorption ability and/ or excellent photothermal conversion efficiency (PTCE).
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Generally, photothermal agents will produce the photothermal coupling effect, which gives rise to the absorption of NIR light, and then results in the transformation to thermal energies that will burn out nearby cancerous cells. 18 To paraphrase the great importance of photothermal agents, higher PTCE will equally induce the death of cancerous cells with shorter irradiation time, smaller concentration of nanoparticles (NPs), or lower power density of the NIR laser to ensure the safety of healthy tissues in the human body.
19
Copper chalcogenide is a p-type semiconductor and has been widely explored in energy, [20] [21] [22] [23] catalysis-related applications, 24, 25 and most especially in tumor theranostics.
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Compared with carbon, [30] [31] [32] [33] noble metal, [34] [35] [36] and organic materials, [37] [38] [39] [40] the merits of using copper chalcogenide NPs in the diagnosis and therapy of disease include not only the low cost and toxicity, but also the intrinsic strong NIR absorption, rendering a promising alternative for photothermal ablation of cancerous cells. 41, 42 However, it is noted that the unsatisfactory PTCE limits their applications in photothermal therapy to a large extent; 43 for instance, CuS NPs with an ultrasmall size of $3 nm require increased laser power intensity or particle concentration to obtain the same therapeutic result due to the low PTCE. 43 According to the Safe Use of Lasers of the American National Standard, to cause sufficient death of cancerous cells, the excessively small CuS NPs require as high as 16 and 24 W cm À2 , which is $48 and 72 times higher than the conservative limit ($0.33 W cm À2 ) of the laser intensity setting for human skin exposure. 44, 45 Thus, it is important to design and synthesize copper chalcogenide NPs which are capable of enhancing PTCE particularly in the photothermal therapeutic eld.
As usual, for the simple purpose of enhancing PTCE, three routes of designing copper sulde NPs can be classied. The rst is tuning the structure of the isolated nanoparticle to enhance photon refraction, coupling with stronger NIR absorption. Or by changing the synthesis condition to regulate the isolated nanoparticle to assemble into a different structure, leading to enhanced NIR absorption. The second is synthesizing non-stoichiometric copper chalcogenide NPs. And the rest is constructing the composite bimetallic nanomaterial. In this short review, we will provide an overview of the chemical mechanism of rational design for copper chalcogenide to enhance the heat conversion efficiency and their biomedical application for photothermal ablation of cancerous cells.
Typical synthetic procedures for copper chalcogenide
In general, it is paramount to properly manage the morphology, size and phase of NPs, which play vital roles in their optical and electronic properties. 46 Specially, the absorption of copper chalcogenide is more dependent on their size, morphology and phase. 47 In the past few years, several methods, such as hydrothermal method and solvothermal method, 48 thermal decomposition method 19 and hard template method, 49 have been developed to control size, morphology and phase of copper chalcogenide. And we will introduce how to use the three main synthesis approaches for copper chalcogenide in this section.
Hydrothermal method and solvothermal method
Hydrothermal method 50 and solvothermal method 51 are the two most frequently used preparation techniques in the synthesis of copper chalcogenide NPs due to their high efficiency and simplicity. They are both synthesized in a high pressure reactor, the only difference is that the former uses an aqueous solvent, and the latter uses a non-aqueous organic compound as the solvent in the process of reaction. 52 For these two reaction methods, it is easier to control the growth direction and morphology of nanocrystals by simply tuning the temperature, reaction time and surfactant. At present, a variety of copper chalcogenide nanocrystals with different morphology have been obtained by these two methods. The ower-like CuS was synthesized by our group through the hydrothermal method using PVP as the surfactant. 48 In the study of Zhao et al., 53 nanowires, nanotubes and nano-sized vesicles of copper sulde were obtained by hanging the copper ligand at a lower temperature (90 C to 110 C) with an organic amine-assisted.
High-quality isolated crystal Cu 2Àx Se nanosheets and nanodisks were prepared by Zhang et al. 54 through a green and simple solvothermal method using paraffin oil as a solvent. For solvothermal and hydrothermal methods, they are relatively simple processes, and more importantly, the nanocrystals obtained by these two methods have good crystal structure and different morphologies of nanocrystals can be attained by only changing part of the reaction conditions. However, large size and wide size distribution 19 of copper chalcogenide synthesized by both methods limit their future biomedical application.
Thermal decomposition method
The thermal decomposition method is based on copper precursor, X ¼ S, Se, Te precursor, and long-chain hydrocarbon compounds (oleic acid, oleylamine, octadecene and so on) as the surfactant and solvent, using the metal organic chemistry mechanism to prepare chalcopyrite nanocrystals under the condition of anaerobic water and high temperature (T > 200 C). [55] [56] [57] And subsequently, by instantaneous nucleation under high temperature condition and further heat treatment process, copper chalcogenide nanocrystals with good crystallinity and homogeneous dimension are obtained. The Kolny-Olesiak group were able to synthesis uniform, high-quality Cu 2 S nanorods with octadecene as a solvent in the process of pyrolysis, and by controlling the nucleation temperature, they achieved nanorods with different radial ratios. 58 Due to faster growth speed of the crystal nucleus at the higher temperature, more lattice imperfections will be formed. Thus, most of the copper chalcogenide nanocrystals achieved by the thermal decomposition method are non-stoichiometric (Cu 2Àx S) nanocrystals with deciency, which brings about localized surface plasmon resonances (LSPRs) that resulted in tunable NIR absorption. Various shapes of Cu 2Àx S nanocrystals, such as nanorods and nanosheets have been prepared by Korgel et al. 59 Also in our previous studies, we succeeded to synthesize some kinds of non-stoichiometric copper chalcogenide with strong NIR absorption. 
Hard template method
The sacricial templates method, in which the template is also used as the precursor, is an effective approach to synthesize the nanostructure materials, 61, 62 especially for the hybrid nanostructure. For copper chalcogenide NPs, it is difficult to prepare the hybrid nanostructure directly, due to the issue of large lattice mismatch. 63 In this regard, the sacricial template is frequently utilized to prepare the copper chalcogenide hybrid nanostructure. Based on the sacricial templates, there are two different mechanisms, one is cation exchange 63 and the other is the Kirkendall effect,
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which were developed to prepare the copper chalcogenide hybrid nanostructure. The cation exchange method, 65 in which the cation located in the nanocrystal template is substituted by another one in solution with the same template morphology, has been developed as a particularly powerful strategy to prepare nanocrystals with morphology and composition that are accessed difficultly by conventional methods. Depending on precise control of the stoichiometry over the reaction extent, the Au@Cu 2Àx S hybrid nanostructure with exible shape, crystallization and composition tailoring was prepared by Zhang et al., 63 starting from the Au@CdS core-shell nanostructure (Fig. 1A) . In the Kirkendall effect method 66 the template, such as Cu 2 O, reacts with the new molecular or ionic species (S, Se, Te precursor) by atomic or ionic diffusion and then a new shape and composition is formed. Using Au@Cu 2 O as a hard template, Yu et al. 49 and Zhang et al. 67 have developed two different Au@Cu 2Àx S yolkshell nanostructures (Fig. 1B) .
Copper chalcogenide with enhanced PTCE for cancer therapy
Cytotoxicity limitation is a major concern for a novel welldesigned nanomaterial, particularly in the application of biomedical and clinical treatments. 43 To be specic, to achieve the same therapy outcome, a higher concentration of nanomaterial will result in more efficient photothermal therapy to treat cancer cells or tumor, as an increasing number of nanomaterial particles will be absorbed by cancerous cells. In the meantime, high cellular uptake signies that the cells accumulate a larger amount of nanomaterial, which leads to increased cytotoxicity. 35, 68 Aimed at the above contradiction between cellular uptake of nanomaterial and photothermal ablation of cancerous cells or tumor, recently, some groups began to throw light on how to improve the PTCE of the nanomaterial and further minimize the shortcomings brought from this contradiction as far as possible. In this section, we will introduce three routes of design and discuss the mechanisms on how to enhance the PTCE through the well-designed copper sulde NPs in detail, as well as briey present their applications in the photothermal ablation of cancerous cells.
Nanostructure of copper chalcogenide
Complex superstructures with enhanced and synergistic property, which are composited with simple building blocks, have attracted widespread interest owing to their great potential applications in biomedicine, 69 energy storage 70 and catalysis.
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Up to now, two different kinds of mechanisms have been proposed for the superstructure to enhance the PTCE. One kind is the building blocks of the superstructure aligned with photonic-crystal microstructures and/or the faceted end planes of well-shaped crystals, showing their ability to be utilized for good laser-cavity mirrors, which helps to effectively improve light absorption. 48 The other kind is the superstructures that greatly inuence the electronic structures of nanomaterials and signicantly improve the molar extinction coefficient in the NIR region. 72 For the photothermal agents, the more light is absorbed the more heat will be generated. Thus, constructing a superstructure for CuS NPs is a simple and effective method to increase the obtained heat when using the same amount of nanomaterials. In conclusion, the design direction of constructing a special nanostructure could be divided into two types, the straightforward strategy of the synthesis of the superstructure and the particle-based assembly threedimensional structure. Here, we would illustrate the absorption and therapeutic effect of the CuS superstructure, compared with the normal structure.
3.1.1 CuS superstructure as laser-cavity mirrors. Most of the obtained CuS superstructures are constructed by small building blocks with regular shapes. If the building blocks are aligned with photonic-crystal microstructures and/or the faceted end planes of well-shaped crystals, the synthesized CuS superstructures can be employed as good laser-cavity mirrors, resulting in the promotion of light absorption, [73] [74] [75] which further enhances the PTCE and ultimately improves the therapeutic effects. As in our previous study, 48 we have designed the novel hydrophilic ower-like CuS superstructures by a one pot hydrothermal route and then demonstrated that CuS superstructures can be employed as an efficient laser-driven photothermal agent, which is promising for the ablation of cancerous cells ( Fig. 2A) . Most importantly, compared with hexagonal nanoplates (their corresponding building blocks) (Fig. 2B) , the as-synthesized CuS superstructure exhibited high absorption intensity especially in the NIR region, which was improved by 50% of magnitude through constructing photonic-crystal microstructures and/or laser-cavity mirrors that conduced to greatly elevate the absorption and reection ability for laser, thus offering an improved PTCE as well. Further in our investigations, under the irradiation of a 980 nm laser with a conservative and safe power density of 0.51 W cm À2 , CuS superstructures can efficiently kill cancer cells packaged by chicken skin (Fig. 2C ) or in vivo with a short period (5-10 min), consequently showing the superior therapy outcome (Fig. 2D) . By a similar approach, Wu et al. 76 reported the hollow and hierarchical CuInS 2 microspheres, which were constructed separately from the sacricial templates of solid and hollow CuS microspheres (Fig. 3) . The as-synthesized hollow and hierarchical CuInS 2 microspheres with close cavities and open cavities, respectively, presented a rosy photothermal conversion effect. To be specic, it is noted that an amount equal to 30% and 20% incremental of PTCE was achieved, respectively, mainly attributing to the approach of constructing a special nanostructure. Ground on this intense photothermal conversion effect of the hollow CuS originated from its unique optical property that displayed strong absorption in the NIR region, Samy Ramadan et al. 77 testied that the permeability of human growth hormone can be increased through disrupting the skin by using the hollow CuS to mediate photothermal ablation. This technique has shown encouraging application in macromolecular drug and vaccine delivery. Therefore, designing a highly meaningful special nanostructure as photothermal conversion agents is supposedly a promising direction for enhancing the PTCE and is further being applied to photothermal ablation therapy.
By assembly of oppositely charged CuS NPs and then calcination at elevated temperature, Tan et al. 78 have successfully fabricated unique honeycomb-like CuS mesostructures which are composed of densely packed CuS NPs. In this research, based on the intrinsic ability of CuS to absorb light which originates 80, 81 can efficiently absorb irradiation light (Fig. 4) , leading to enhanced PTCE. As shown in Fig. 4B , under similar irradiation conditions, the 24.4% PTCE of the CuS mesostructures was proved, compared with their CuS NP precursors, which only displayed 7.5%. Further in vitro experiments (Fig. 4C) , when heated in a short time, the CuS mesostructures were able to kill cancerous cells under the irradiation of the NIR laser (980 nm, 0.51 W cm À2 ) in 5 minutes. This result clearly explained that the assembly of CuS greatly improved its capability to absorb light from small particles to big architectures.
CuS superstructure with changed electronic structures
The CuS superstructures in previous reports will exert a great effect on the electronic structures of nanomaterials that can signicantly improve the molar extinction coefficient in the NIR region, 82,83 which favors energy conversion through the photothermal pathway. In this route, accounting for constructing the superstructure of CuS NPs, the distance of neighboring CuS NPs will shorten, not only allowing for forming new electronic structures of the CuS indirect transition, but also enlarging the entire material near the irradiation absorption cross. Accordingly, improved photothermal performance is therewith realized. Therefore, to be inspiring, this route marks a success on the design and construction of a novel nanostructure and it provides a great kind of potential photothermal therapeutic agent for promoting the development of correlated diagnostic and therapeutic nanotechnologies.
In order to prole the chemism of CuS superstructures that greatly inuence the electronic structures, Bu et al. 72 developed a room-temperature one-pot route to produce water-dispersible shuttle-like CuS superstructures (Fig. 5) . In this work, they demonstrated that the shuttle-like CuS superstructures, compared with CuS NPs, can increase the molar extinction coefficient up to 9.7 Â 10 16 cm À1 M À1 through shortening the distance of neighboring CuS NPs. Differing from the small CuS NPs, when in the shuttle-like CuS superstructures, these subbands based on Brillouin zone folding were deduced for the close-packed CuS NPs with specic dipole orientation. 84 And further, generating such new electronic structures offered strong absorption of CuS nanostructures in the NIR region. Most encouragingly, the study noted that the PTCE of the shuttle-like CuS superstructures was calculated to be 72.6%, with the highest photothermal transduction efficiency among the nanomaterials. 85 So, it is the electronic structures of the CuS indirect transition that serves as the key determination of optimization for the regular self-assembly structures, which favors energy conversion through a photothermal pathway, further improving NIR laser absorption.
Similarly, in the work of Cui et al., 86 they demonstrated that the electronic structures would be changed from the nonstoichiometry Cu 7 S 4 NPs to Cu 7 S 4 nano-superlattices by both simulation and experiment (Fig. 6) . The changed electronic structures will further inuence the LSPR, which is closely related to the PTCE. Through the simulation of LSPR for the dispersed NPs, rod-like alignments and nano-superlattices, respectively, they rst found that the LSPR feature of nanosuperlattices is far stronger than that of dispersed NPs and rod-like alignments, which is highly desirable for a better PTCE (Fig. 6A ). And then, to further verify the aforementioned results of the simulation experiment, Cu 7 S 4 nano-crystals, the rod-like alignments and self-assembled nano-superlattices were prepared by using partly different reaction parameters. As shown in Fig. 6C , under the identical conditions of illumined laser (1 W cm À2 and 808 nm) in a short period, by tuning surface properties of Cu 7 S 4 nano-crystals, the PTCE were 48.62%, 56.32%, 65.7% for dispersed NPs, rod-like alignments, and selfassembled nano-superlattices, respectively. Subsequently, the experiments in vitro suggested that these obtained nano-crystals were quite desirable for synergetic photothermal therapy as well. Thus, this research clearly proved that the assembled nanostructure was benecial to enhance the NIR absorption and PTCE.
Non-stoichiometric copper chalcogenide
LSPRs generally derive from nanostructures of noble metals (such as Au, Pd), 34,87 rendering a multitude of possibilities to enhance and tune geometrically their absorption and scattering resonances for different ends. Due to the intense LSPRs absorption, the noble metal NPs exhibit good PTCE and have been widely used for photothermal therapy. 88 But not being limited to that, LSPRs are also available from the semiconductor nano-crystals with appreciable deciencies that will generate a free carrier concentration. 89 Differing from the noble metal, whose LSPRs response is permanently locked in and engineered by the choice of nanostructure parameters (such as shape, size, or metal), semiconductor nanostructures could dynamically modulate its LSPRs absorption by doping. The nonstoichiometric copper chalcogenide is exactly one of the typical self-doped semiconductors containing lots of free carriers. As illustrated by Burda et al. 90 and Luther et al., 89 nonstoichiometric copper chalcogenide, if its carrier density locates in 10 19 to 10 22 cm À3 , will display a strong absorption in the NIR region, as a result of excess holes in the valence band, 89 and meanwhile, no absorption is seen for perfectly stoichiometric Cu 2 S. 91 In addition, not only does copper sulphide nanocrystals possess good absorption characteristics similar to those of metals, but also they present low cost, synthetic simplicity, good photostability, as well as low toxicity, which make them become good potential photothermal agents in nanotechnology photothermal therapeutic platforms. 41 Therefore, designing and synthesizing non-stoichiometric copper chalcogenide are assumed to be another promising direction for enhancing the PTCE of photothermal agents and for further use in photothermal ablation therapy.
The rst example of non-stoichiometric copper chalcogenide serving as a photothermal agent was Cu 2Àx Se NPs reported by Hessel et al. 15 The obtained Cu 2Àx Se NPs, about 16 nm coated with an amphiphilic polymer, exhibited a strong NIR absorption in water due to LSPRs (Fig. 7) . The molar extinction coefficient of Cu 2Àx Se arrived at a peak of 7.7 Â 10 7 cm À1 M À1 at 970 nm and was much higher than the indirect optical transition, which was similar to the gold nanostructure. The strong LSPRs absorption in the NIR region resulted in the higher photothermal transduction efficiency of Cu 2Àx Se NPs (22%), which was almost as high as Au nanorods (21%) and obviously higher than Au nanoshells (13%). Additionally, the signicant cell death caused by the photothermal effect of Cu 2Àx Se NPs, conrmed the good potential applications of the nanoparticle agents for photothermal therapy. Therefore, for better use of copper sulphide NPs in photothermal therapy, one of the key determinants is promoting their PTCE by tuning of the LSPR frequency through controlling the self-doping density. Obviously, the integral absorption intensity is correlated with the characteristic of the material. 89 In order to generate more Cu deciencies, Tian et al. 19 developed a new photothermal agent (plate-like Cu 9 S 5 nano-crystals) on the basis of the thermal decomposition and ligand exchange route (Fig. 8) . On account of LSPR triggered by the p-type carriers, the aqueous dispersion of the prepared Cu 9 S 5 NPs exhibited a strong absorption in the NIR region and the calculated molar extinction coefficient at 980 nm is $1.2 Â 10 9 M À1 cm À1 , which was similar to the Au nanorods ($1.1 Â 10 9 M À1 cm
À1
). The strong NIR absorption also resulted in higher heat conversion efficiency for the Cu 9 S 5 nano-crystals (25.7%) compared with the Au nanorods (23.7% nm laser). Further in vivo experiments demonstrated that the high PTCE of Cu 9 S 5 nano-crystals irradiated by a 980 nm laser at the low and safe power density, made it efficiently kill cancerous cells in 10 minutes. Thus, the enhanced PTCE endowed Cu 9 S 5 NPs with the promising potential of being an ideal photothermal agent.
To further improve the PTCE, it is of great importance to tune or enhance the NIR absorption of non-stoichiometric copper chalcogenide. With the same mechanism, several works have been reported to tune the NIR absorption by controlling copper deciency in the NPs. 92, 93 For example, through simple oxidation and reduction, the stoichiometric copper chalcogenide and nonstoichiometric counterparts can transform mutually, permitting the dynamic regulation of the degree of copper deciency in the copper chalcogenide NPs, along with the changing of the LSPRs absorption of copper chalcogenide.
93 All of these demonstrate that we are able to get higher LSPRs absorption in the NIR region of copper chalcogenide, as well as the higher PTCE, through manipulating the degree of copper deciency. For this purpose, Li et al. 60 rst reported the preparation of p-type cubic Cu 7.2 S 4 NCs with the free holes that induced the LSPR, showing the appearance of broad and extremely strong peaks in the NIR region, as well as 56.7% PTCE and good photostability when excited by an NIR laser at 980 nm (Fig. 9) . To be noted, the peak position of the achieved Cu 7.2 S 4 NCs was tuned to 968 nm as a consequence of the higher degree of copper deciency compared with the previously reported Cu 9 S 5 NPs, which proved in Luther's study 89 that the degree of crystal phase can effectively affect and regulate the LSPR spectroscopy. Also, because the maximum plasmon resonance absorption wavelength of the assynthesized nano-crystals was tuned by self-doping to be equal to the illumination laser wavelength, the enhanced PTCE of Cu 7.2 S 4 nano-crystals was realized, which was higher than that of Au nanorods, Cu 9 S 5 NCs, Cu 2Àx Se NCs. 94 More importantly, the obtained Cu 7.2 S 4 nano-crystals with higher PTCE were fairly compatible for efficient photothermal ablation therapy both in vitro and in vivo.
Copper chalcogenide hybrid nanostructures
Recently, multifunctional theragnostic agents, based on hybrid nanostructures through conjugating with separate different functional NPs, have attracted extensive attention. [95] [96] [97] These multifunctional photothermal agents can be applied for image contrast and cancer therapy according to the various properties of NPs, including optical and magnetic properties. [98] [99] [100] As an example, our group proposed the ultrasmall (<10 nm) Fe 3 O 4 @Cu 2Àx S core-shell NPs with rational design and a good synthesis method which possess both super paramagnetic properties and high photothermal stability to attain the combined magnetic and optical functionalities.
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These core-shell NPs not only provided the effective probes for T 2 -weighted magnetic resonance imaging and infrared thermal imaging, but also could be exerted in the further application for photothermal ablation therapy of cancerous cells. However, the PTCE of the obtained core-shell NPs is lower than the previous report of non-stoichiometric copper chalcogenide. Thus, it is important to understand and explain the synergistic effect resulting from the integration of different functional units, to propel the development of the enhanced PTCE of copper chalcogenide.
On account of the collective oscillation of the large amount of hole carriers in the NPs generated from the copper deciency, the heavily doped copper chalcogenide shows similar LSPRs absorption with the noble metal, in which the intensity and peak for LSPRs absorption are not merely depended on the material, shape, size, and crystalline structure of the noble metal, but also the surrounding environment.
102 As a consequence, the collective oscillation in the copper chalcogenide will be easily inuenced by the surface-enhanced near-eld at the noble metal NPs surface, realizing the changed LSPRs absorption and the PTCE.
103 Based on this, Ding et al. 104 reported a dual plasmonic hybrid nanosystem Au-Cu 9 S 5 with well controlled interfaces to investigate the coupling effect of LSPR, determined by the collective electron and hole oscillations (Fig. 10) . In their study, the synthesized high-purity Au-Cu 9 S 5 hybrid NPs exhibited a remarkably enhanced LSPR in both visible and NIR regions, and surprisingly achieved $50% enhanced absorption at 1064 nm compared with the Au and Cu 9 S 5 NPs when synthesized nearly under the same conditions. Evidently, with the enhanced optical absorption cross section, high photothermal transduction efficiency (37%) helps AuCu 9 S 5 hybrids to be a kind of robust photothermal agent in the second NIR window with a low nanomaterial concentration versus their individual component Au and Cu 9 S 5 NPs. Therefore, it is a good way to design copper chalcogenide hybrid nanostructures with enhanced LSPRs absorption and higher PTCE by utilizing surface plasmon resonance enhancement phenomena. And latterly, several hybrid nanostructures for copper and gold NPs 49, 67 were designed and synthesized to demonstrate that the PTCE of the hybrid nanostructures can be apparently enhanced by increased LSPRs absorption, due to the coupling effect of LSPRs caused by the collective oscillations of the electron or hole in the Au and Cu 2Àx S NPs. Based on the coupling effect of LSPRs in the hybrid nanostructures and full utilization of light energy by the yolk-shell structure which greatly improves the multiple refractions of light between cores and shells within the interior voids, Zhang et al. 67 has uncovered the unique Au@Cu 7 S 4 yolk-shell structure by an inward replacement strategy according to the Kirkendall effect. As expected, the nanomaterials possessed a powerful photothermal performance with 63% PTCE under the irradiation of 980 nm light and power density of 0.51 W cm À2 . Subsequently, Yu et al. 49 have further investigated the geometric factors of the hybrid nanostructures acting on their LSPRs absorption and photothermal conversion behavior by using the Au nanorod@Cu 2Àx S yolk-shell. They regarded that the thinner shell and smaller inner void showed a stronger surface plasmon resonance absorption and a higher PTCE (Fig. 11) . In accordance with the experiment result as well as theory simulation, they explained that the electrical eld was closely inuenced by the shell thickness and the distance between the inner Au nanorods core and the outer Cu 7 S 4 shell. For instance, the electrical eld on the surface of the Au nanorods decreased once the Cu 7 S 4 shell thickness increased, whereas electrical eld intensity around the Cu 7 S 4 became obviously stronger, along with the reduction in shell size and also a shorter distance between the Au nanorod and Cu 7 S 4 according to the theory simulation results. Based on this mechanism, the optimum PTCE of yolk-shell NPs could be obtained up to 68.6%. Thus, the design and synthesis of the hybrid nanostructure with the synergistic effect of metal and copper chalcogenide is a highly effective approach to enhance the photothermal property of the copper chalcogenide photothermal agents.
To sum up, these studies for the copper chalcogenide-based composite could be greatly benecial to the further design of new kinds of hybrid nanostructures that will exhibit superior properties or functions to enhance NIR absorption and improve the PTCE.
Conclusion and outlook
Over the past few years, the near-infrared laser driven photothermal therapy for cancer based on nanoparticle agents has been of particular interest on the spur of its minimally invasive nature compared with traditional therapy. Amongst the nanoparticle agents, such as gold nanoparticle agents and carbon agents, copper chalcogenide nanoparticle agents have attracted more attention recently due to the low cost and easy preparation. Nevertheless, the underdeveloped PTCE of the copper chalcogenide originally limited their wide application for cancer therapy. In this review, we have discussed three kinds of rational design and mechanisms for copper chalcogenide to enhance the heat conversion efficiency in detail and briey introduced their application in photothermal therapy. First is the design and synthesis of the superstructure nanoparticle agents to enhance photon refraction. Then, tuning the degree of copper deciency enhances the LSPRs absorption caused by the copper chalcogenide. The rest is constructing the hybrid composite to further enhance the LSPRs absorption through the coupling effect of different functional units. Some typical PTCE of the copper chalcogenide nanoparticles obtained from different design routes are summarized in Table 1 for easy reference. In spite of the higher PTCE and the better treatment effects for cancer that have been achieved by the above three mechanisms, copper chalcogenide nanoparticle agents must be further explored prior to clinical applications.
We believe that copper chalcogenide nanoparticle agents have a bright future and will be adopted in clinical applications, provided that several developments are realized as described below: (i) developing a simple and scalable method to synthesize copper chalcogenide nanoparticle agents with uniform and ultra-small size, good stability and bio-compatibility, (ii) further improving the therapeutic effect with rational design and composition of different functional units, (iii) clearly investigating the side-effect of copper chalcogenide nanoparticle agents on the human body, such as potential long-term toxicity in vivo and the additional barrier(s) that may inuence the PTCE at the intact animal (organisms) level. Once such challenging problems are addressed, copper chalcogenide nanoparticle agents will become a widely used theranostics platform for cancer in the future. 
